APS/123-QED 



Magneto-transport properties of (Ga, Mn)As close to the metal-insulator transition: 
Description using Aronov-Altshuler 3D scaling theory 

J. Honolka, 1 ' 2 ^ S. Masmanidis, 2 H.X. Tang, 2 D.D. Awschalom, 3 and M.L. Roukes 2 

1 Max- Planck- Institut fur Festkorperforschung, Heisenbergstrasse 1, D-70569 Stuttgart 
2 Condensed Matter Physics 114-36, California Institute of Technology, Pasadena, California 91125 
!1 Department of Physics, University of California, Santa Barbara, California 93106 

(Dated: February 1, 2008) 

The magnitude of the anisotropic magnetoresistance (AMR) and the longitudinal resistance in 
compressively strained (Gao.95, Mno.os)As epilayers were measured for the first time down to tem- 
peratures as low as 30 mK. Below temperatures of 3K the conductivity decreases oc T 1//3 over two 
orders of magnitude in temperature. The conductivity can be well described within the framework 
of a 3D scaling theory of Anderson's transition in the presence of spin scattering in semiconductors. 
It is shown that the samples are on the metallic side but very close to the metal-insulator transi- 
tion (MIT). At lowest temperatures a decrease in the AMR effect is observed, which is assigned to 
changes in the coupling between the remaining itinerant carriers and the local Mn 5/2-spin moments. 

PACS numbers: 75.50.Pp, 75.47.-m, 71.30.+h 



Mn-doped diluted III-V semiconductors have been 
of great interest since the discovery of a ferromagnetic 
phase at low temperatures [l|. The prospect of using 
diluted ferromagnets as spin injectors in spintronic 
devices have initiated multiple research efforts to un- 
derstand their fundamental magnetic properties and 
to control important parameters like the magnetic 
anisotropy energy or the Curie temperature 0, y, 0). 
Though several mechanisms have been proposed to 
theoretically describe ferromagnetism in dilute magnetic 
semiconductors (DMS) a profound understanding is 
still elusive. It is widely accepted though that in the 
case of GaMnAs holes in the valence band produced 
by the Mn-dopants play the key role in mediating the 
interaction between spin 5/2 Mn-sites. However, since 
ferromagnetism was found in both the metallic and insu- 
lating phase of DMS the correlation between magnetism 
and transport is expected to be rather complex. In the 
metallic regime ferromagnetic coupling between the local 
Mn-spins via spin polarization of p-type carriers are 
often described by Zener type mean- field models 0, @. 
Approaching the MIT localization effects due to disorder 
become increasingly important, which alter the magnetic 
behavior as described by models taking into account 
spacial inhomogeneities@, H, [^, [l(| • 

Experimentally, the combined study of conductivity 
and magneto-transport is a powerful tool to charac- 
terize DMS in the viewpoint of carrier localization 
and magnetic properties. Most magneto-transport 
studies so far were done on the anomalous Hall effect 
(AHE) in the high magnetic field regime using classic 
Hall-bar geometries with applied fields perpendicular 
to the current. A complementary approach to gain 
information on the magnetic properties is the study of 
the anisotropic magneto-resistance effect. The latter 
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was shown to induce rather large Hall-resistance jumps 
up to 80S1 during reorientation of the magnetization 
in ferromagnetic GaMnAs epilayers 11] . In this work 
we present a study of the conductivity and the AMR 
behavior of (Gao.95, Mno.os)As epilayers for the first time 
down to temperatures as low as 30mK. We show that in 
the lowest temperature regime the transport can be well 
described by 3D scaling theory of Anderson's transition. 
Our results thus offer an alternative interpretation to 
very recent reports on the low temperature conduc- 
tivity of metallic GaMn(5%)As epilayers, where weak 
localization: 1 2| and Kondo models[I3| are employed. 
A small reduction of the AMR signal towards lowest 
temperatures will be discussed in terms of a localization 
dependent ferromagnetic coupling between Mn spins. 



Experimental 

We studied (Gao.95, Mno.o5)As-epilayers of I50nm 
thickness grown on a insulating GaAs(OOl) substrate 
with a buffer layer fabricated by means of molecular 
beam epitaxy at 250°C. Because of the compressive strain 
in the film introduced by the lattice mismatch with 
the substrate the material is known to have a magnetic 
easy axis in the plane T| with a Curie temperature of 
T c rj 45K in the case of our samples. The epilayer is 
patterned into a 100/^m wide Hall-bar oriented along the 
[110] direction using electron beam lithography. Multiple 
voltage probes fOO^m apart at both sides of the bar are 
used to measure the Hall resistance and the longitudi- 
nal resistance per square (see sketch in Fi g, [P . Further 
experimental details are given elsewhere [11] . In-plane 
magnetic fields up to H — 2kOe were generated by a su- 
perconducting Nb coil. Field dependent measurements 
were therefore limited to the temperature range below 
the critical temperature of the superconducting coil of 
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about 5K. The angle 4>h between the field orientation and 
the [110] direction within the plane of the epilayer was 
set to 15° a indicated in Fig. [T] Special care was taken 
to ensure sufficient thermal coupling between the sample 
and the cold finger of the dilution refrigerator. To mini- 
mize external rf-heating the entire setup is placed inside a 
shielded room and, additionally, leads to the sample are 
RC-filtered with a cut-off frequency of a few kHz. For 
every temperature the amplitude of the bias-current was 
chosen to optimize the signal to noise ratio without heat- 
ing the sample. At lowest temperatures the currents had 
to be reduced to 500pA, while above IK current ampli- 
tudes of lOnA could be used. Measurements while sweep- 
ing the magnetic field have been obtained in steps of 50e 
with an average ramping speed of 0.4 Oe/s. These low 
ramping speeds were necessary at lowest temperatures to 
avoid heating effects due to Eddy currents. 



Results 

According to AMR theory, both the measured longi- 
tudinal resistance and the Hall resistance depend on the 
orientation of the magnetization with respect to the bias 
current direction. For the case of a single domain mag- 
netized 100/im x lOO^m square this can be expressed 
as 



Ro = (P\\ + (P\\ - Pi.) cos 2 cj))/t 



Rr = {p\\ — p±)sm.<ficos(f)/t 



(1) 



(2) 



where R\j and i?H are the longitudinal and the Hall re- 
sistance per square, respectively. (f> is the angle between 
the magnetization M and the bias current, pu (p±) the re- 
sistivity for currents parallel (perpendicular) to the mag- 
netization and t the thickness of the epilayer. We want 
to comment at this point that AMR theories were origi- 
nally developed to describe ferromagnetic metals, which 
will not be applicable on diluted magnetic semiconduc- 
tors without modification. For the case of transition met- 
als with strong exchange splitting of the the d-bands, 
G°|| — P±) is a positive value and is believed to result from 
anisotropic sd-scattering of minority spin electrons into 
extended d-band states. In (Ga, Mn)As, however, the 
spin dependent scattering channels of the p-type hole car- 
riers with e.g. single localized Mn-spins are different and 
more complex. This is reflected in the fact that (p|| — p±) 
is experimentally found to be negative in compressively 
strained (Ga, Mn)As with Mn concentrations around 5- 
8%, which was recently explained theoretically [l5j]. 
In Fig. [T] the Hall resistance Rn(H) is shown for se- 
lected temperatures, while the in-plane magnetic field 
is ramped from positive to negative values. The two 
jump behavior of the curves in Fig. [T] can be mod- 
eled if one assumes a free energy density of the form 
E = K u sm 2 (t) + (Ki/4)cos 2 (20) - MHsm((j) - </>#) as 
described elsewhere [llj leading to four local minima at 



01.2 = ±(tt/4 - S) and 03,4 = ±(3tt/4 + S) for H = 0. 
Here, K u and K\ are the in-plane uniaxial and cubic 
anisotropy constants and S = sin (K u /Ki). The two 
jumps observed in the data in Fig. [1] then reflect the 
sequential transitions of the magnetization orientation 

from [100] (0 45°) via [010] (0 - +45°) to [100] 

(0 ~ +135°). During each transition a single 90° do- 
main wall travels through the sample. The magnitude 
of the observed jumps in i?H increases with decreasing 
temperature and at the same time Hi and Hi are both 
shifted to larger absolute values. For the evaluation of 
the magnitude of the AMR we chose the transition at 
Hi since it is more abrupt and therefore better defined 
compared to that at H2, which seems to happen more 
gradually. In order to exclude Stoner rotation effects, 
the magnitude of the first jump, Ai?jj, was evaluated at 
the maximum and minimum values of Rn(H), which cor- 
responds to well defined values of <f> = ±(7r/4). As shown 
in Fig. [31 Ai?H is increasing with decreasing temperature 
and a maximum value of 220Q is reached at around 40- 
50mK. Again we want to emphasize that it was assured 
that decreasing the magnetic field ramping speed or bias 
current did not alter the results of the Hall resistance 
measurements even at lowest temperatures (see inset of 
Fig. p. 
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FIG. 1: Hall resistance measurements while ramping the in- 
plane magnetic field at an average speed of 0.4 Oe/s for dif- 
ferent temperatures. The curves are shifted by a constant 
offset with respect to each other. The increased noise at low 
temperatures is due to the reduction of the bias current. In 
the inset two measurements for bias currents of lOOpA (grey) 
and InA (black) at T = 55mK are shown for comparison. 
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For comparison the measured longitudinal resistance R\j 
at static field conditions H = is shown in Fig. [5J Prior 
to the resistance measurement the sample was uniformly 
magnetized using a saturating field H§ = 2kOe. At about 
(16 ± 2)K a minimum in the resistance appears, which 
is consistent with earlier measurements fill Il6j . At lower 
temperatures the resistance rises monotoneously and in 
the range between 1.5K and 50mK seems to follow the 
temperature dependence of Ai?n- Below 50mK the slope 
of the resistance starts to flatten presumably as a con- 
sequence of the limited thermal coupling of the sample. 



Discussion 

Ferromagnetic (Ga, Mn)As is known to show an in- 
crease in resistivity around the Curie temperature, which 
is assigned to spin disorder scattering of holes by spin 
fluctuation in the phase transition regionfT?], Ha |- The 
highest temperature part of the data in Fig. [2] thus re- 
flects the spin ordering process below the Curie temper- 
ature of about 45K leading to a transient decrease in 
the resistance. At even lower temperatures the sheet re- 
sistance increases again, which is commonly interpreted 
as the onset of MIT leading to transport governed by 
thermally activated hopping. In this case a behavior 
~ exp[— (t^t-) 1 / 4 ] is expected assuming variable range 
hopping as found by other authors in the temperature 
range 7K > T > 2K [16|, Il9( . The variable range hopping 
model, however, fits out data only in a small temperature 
window between 1.5K and 8K (see inset of Fig. [2]) and 
clearly fails at lowest temperatures. This proves that it is 



a different mechanism that leads to a weaker increase of 
the sheet resistance with decreasing temperature. From 
the absence of the hopping regime we conclude that a 
larger fraction of carriers stay delocalized or weakly lo- 
calized even down to mK-temperatures where the sheet 
resistance Rq rises to about 8.5 kil, which is close to the 
Mott critical value of MIT. In MIT theory the conduc- 
tivity a — l/Rat is the important parameter to look at, 
where t is the sample thickness. Fig. [3] convincingly shows 
that a exhibits a temperature dependence oc T 1 / 3 below 
T = 3K spanning a range of two orders of magnitude 
in temperature. Recently transport measurements above 
T = 2K were interpreted employing weak carrier local- 
ization in 3D[l2j and the Kondo effect fl3l| . The authors 
predict a temperature dependence a oc T 1 / 2 andoc ln(T), 
respectively, which is not according to our observation. 
Considering that our data covers a much larger tempera- 
ture range including for the first time temperatures well 
below IK we want to suggest an alternative interpre- 
tation. A temperature dependence of the conductivity 
oc T 1 / 3 was proposed by 3D scaling theory of Ander- 
son's transition in the presence of strong spin scattering 
in semiconductors | 20 | and was experimentally found in 
doped GaAsf2H.l22l.l23t an Ge[24[ semiconductors at low 
temperatures. According to this theory close to the MIT 
the Fermi liquid theory breaks down and a is governed 
merely by the carrier correlation length £ and the carrier 
interaction length Lt = v/ Dh/k^T . Approaching the 
MIT £ diverges and in the limit £ 3> Lt the temperature 
dependence of the conductivity can be written as [2l| 
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FIG. 2: (□) Temperature dependence of the longitudinal re- 
sistance per square measured at a bias current of InA and 
zero magnetic field. Prior to the measurement the sample 
was magnetized at Hs = 2kOe. (•) Temperature dependence 
of the first Hall resistance jump (Hi) evaluated at the maxi- 
mum and minimum values of Rh{H). 



FIG. 3: Conductivity a = I /Rut plotted versus T 1/3 . t = 
150nm is the sample thickness. Over two orders of magni- 
tude in temperature the conductivity is well described by a = 
CT + aT 1/3 with cr = 4.5(ncm) _1 and a = 9.11[l/ficm K 1/3 ] 
(dashed line). 
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The positive zero temperature conductance oo = 
er(T = 0) = 4.5(fk:m)~ 1 deduced in Fig. [3] is consis- 
tent with the values of the order of ~ l(ilcm) -1 found 
for nGaAs close to the MIT[H [H HI]. Positive values 
indicate that our sample is still on the metallic side of 
the MIT as expected. The slope of the conductivity in 
Fig. [3] enables an estimate of the density of states (DOS), 
dN/dfi, at the Fermi level. With a = 9.11[l/ficm K 1/3 ] 
we derive dN/dfi - 1 x 10 44 [l/Jm 3 ]. For GaMnAs with a 
higher Mn concentration of 6.25% first principle calcula- 
tions predict a Mn-4p and As-4p DOS of about 0.20 and 
0.18 [1/eVatom], respectively^, which corresponds to 
a total DOS of about 1.8 x 10 4 ' 6 [l/Jm 3 ]. This is in rather 
good agreement with our experimental value considering 
the lower Mn concentration in our samples and the fact 
that the calculations do not take into account compen- 
sation effects due to AsQ a antisites and Mn interstitial 
defects, which are known to reduce the number of holes 
by up to 80 

For the case of DMS the regime close to the MIT is 
currently under debate and theoretical models have been 
developed that emphasize the disorder in the randomly 
doped and strongly compensated (Ga, Mn)As, when car- 
riers become localizedfH Q. In contrast to mean- field 
models these seem to capture details of the measured 
magnetic properties like the slight non-mean-field-likc 
concave shape of the temperature dependence of the 
magnetization M(T), which some claim to be present 
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FIG. 4: Temperature dependence of the ratio between the 
planar Hall resistance jump ARh and the longitudinal resis- 
tance Rq. For comparison also an evaluation of ARh at the 
single field Hi is shown in open squares. The ratio has a max- 
imum value at around 2K and decreases by about 6% towards 
lowest temperatures. 



even on the metallic side of the MIT[26|]. It is there- 
fore instructive to look at the temperature dependence 
of ARn/R\j(T) shown in Fig.[4j which gives information 
about changes in the relative magnitude of the AMR. 
While at high temperatures this ratio increases with de- 
creasing temperature reflecting the increasing spin align- 
ment of the local Mn-5/2 moments as shown in earlier 
works fllj|. the situation is different in the range below a 
few Kelvin where the longitudinal resistance Rq starts 
to rise. The ratio levels off and seems to exhibit a maxi- 
mum at a temperature of around (2 ± 1)K. At even lower 
temperatures below a few K, where a oc T 1 / 3 holds, a re- 
duction of the relative AMR by (6±2)% can be seen. It is 
conceivable that this decrease is related to the proximity 
to the MIT and thus the onset of carrier localization. As 
mentioned in the introduction, it was recently proposed 
by theoreticians that, due to inhomogeneous disorder in 
the randomly doped system, localization of carriers can 
affect their magnetic properties. Localization of carriers 
happens preferentially in the vicinity of Mn-sites where 
they are strongly antifcrromagnetically coupled to the 
adjacent Mn-spins[26j]. These localized holes do not play 
a role in the dc transport properties of the DMS such as 
the AMR but may to a certain extend alter the coupling 
between the local moments and the remaining carriers. 
A change of the AMR is then expected at lowest temper- 
atures as hinted by our data. 



Aronov-Altshuler model applied on conductivity 
data in the literature 



In this section we want to further support the Aronov- 
Altshuler model as an alternative interpretation for the 
transport machanism in GaMnAs at low temperatures. 
The theory will in the following be applied to existing 
conductivity data in the literature both on the insulat- 
ing and metallic side of the metal insulator transition. 
In Fig. [5] and Fig. [5] the conductivity of GaMnAs thin 
films of different Mn concentrations and various anneal- 
ing treatments are shown according to He et al. [l3| and 
Van Esch et al. [19(. The nomenclature of the samples 
corresponds to those of the authors and main sample pa- 
rameters are listed in Table HI Assuming a = ao + aT 1 / 3 
as proposed by Aronov-Altshuler we can fit the conduc- 
tivity rather well below 6K, covering the same temper- 
ature range in which Kondo and variable-range hopping 
models were proposed [H, The resulting values 

for (To and a are presented in Table Q] For the case of 
the metallic GaMn(5.2%)As samples A-D (Fig. ©, 2h 
annealing at temperatures up to T — 260°C increases 
both (To and a. According to Eq. ((3j this is equiva- 
lent to an increase of the DOS at the Fermi level and 
a shift away from the MIT towards the metallic side. 
This is consistent with the reported reduction of long- 
range disorder and defect concentrations upon annealing 
at 260° C, which leads to an increased hole carrier den- 
sity and a more effective ferromagnetic coupling between 
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TABLE I: Comparison with He et al. and Van Esch et al. 



sample 


Mn (%) 


T a {°cy 


(To (ficm) 


a [1/ficm K 1/3 ] 


A 


5.2 


as grown 


92 


0.3 


B 


5.2 


160 


116 


8.6 


C 


5.2 


200 


146 


13.1 


D 


5.2 


260 


169 


10.3 


Al 


6.0 


370 


35 


7.3 


A2 


6.0 


390 


3.3 


6.7 


BO 


7.0 


as grown 


4.2 


9.5 


Bl 


7.0 


370 


-1.7 


2.7 



a T a denotes the annealing temperature. 



Mn spins. 0, Q|. The measurements shown in Fig. [S] 
include samples with a considerably lower conductivity 
compared to those of He et al.. According to Van Esch 
et al. sample Bl is on the insulator side, B0 and A2 ex- 
actly at the MIT and Al metallic. Again this is reflected 
in the values for a$: For Bl the small negative value of 
-1.7 (Slcm) -1 suggests the insulating phase but close to 
the MIT. Like for the case of compensated n-GaAs [2l| 
it implies that the carrier interaction length Lt deter- 
mines the conductivity just on the insulating side of the 
MIT as well. B0 and A2 give small but positive val- 
ues indicating metallicity in the proximity of the MIT. 
Finally, Al clearly exhibits a metallic character. Fur- 
thermore, comparing the as grown and annealed samples 
B0 and Bl one observes that a and thus the DOS at 
the Fermi level is reduced upon annealing at T = 370°C. 
It seems that annealing at higher temperatures has the 
opposite effect than annealing at T = 260° C, as shown 
for samples A-D. This finding is in agreement with the 
literature, which reports qualitative changes of the an- 
nealing effects above temperatures T — 280° C [3j. In 
conclusion, this section shows that despite the limited 
temperature range of the available data in the literature 
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the interpretation using the Aronov-Altshuler model lead 
to reasonable conclusions about the DOS and metallicity. 
Changes of measured hole concentrations with different 
annealing procedures in GaMnAs are well reflected. 

Conclusion 

We have studied magnetotransport of epitaxial grown 
(Gao.95, Mno.o5)As-epilayers with in-plane magnetic easy 
axis for the first time down to temperatures as low as 
30mK. Resistance measurements of our samples show no 
evidence of strong localization. Instead a weaker tem- 
perature dependence of the conductivity cx T 1 / 3 is ob- 
served, which can be well explained by a 3D scaling 
theory of Anderson's transition in the presence of spin 
scattering in semiconductors. The results prove that 
the samples studied are on the metallic side of but very 
close to the metal-insulator transition. Using scaling the- 
ory the DOS at the Fermi level was estimated to be 
dN/dn ~ 1 x 10 44 [l/Jm 3 ], which is in good agreement 
with theoretical predictions in the literature. The suc- 
cessful application of the Aronov-Altshuler model on con- 
ductivity data by other authors both on the insulating 
and metallic side of the metal insulator transition under- 



E 



E 

o 



22 - 
20 - 


/ + + + + 
/> +++ + 


+ 

+ + " 


18 - 
16 - 




+ + + + ' 


14 - 


A* 




12 - 


A. Van Esch et al. 
Physical Review B 56 


13103 (1997) " 


50 - 
45 - 


+ + + + + + 

A1 


+ * + . 


6 




'- 


4 - 






2 - 


^0^^ B1 






1.2 1.4 1.6 1.8 2.0 2.2 2.4 


2.6 2.8 




7-1/3 (K 1/3) 





FIG. 5: Conductivity of GaMn(5.2%)As measured by H. T. 
He et al. (Appl. Phys. Lett 87, 162506 (2005)) for temper- 
atures below 22K. Samples A, B, C and D: as grown, and 
annealed at 160 °C, 200 °C and 260°C, respectively. 



FIG. 6: Conductivity of GaMnAs measured by A. Van Esch 
et al. (Physical Review B 56, 13103 (1997)) for temperatures 
below 22K. Al and A2: GaMn(6%)As annealed at 370° C and 
390°C, respectively. B0 and Bl: GaMn(7%)As as grown and 
annealed at 370° C, respectively. 
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lines the potential of this approach. In our measurements 
of the temperature dependence of the anisotropic magne- 
toresistance effect we observe a reduction of the magni- 
tude by (6±2)% in the lowest temperature regime, which 
suggests changes in the interaction between the Mn-spins 
and itinerant carriers in the system. A possible explana- 
tion is the observed onset of localization of carriers in the 
vicinity of local Mn-spins. 
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